Earth's mantle is, to a very good first approximation, spherically symmetric, with lateral deviations in seismic velocities and density of only a few per cent. This observation has led to the common assumption that average radial seismic models reflect the mantle's average physical structure. We test this assumption by using a set of dynamically generated mantle structures and comparing seismic velocities for the average radial physical state with laterally averaged seismic velocities. The thermal and thermochemical dynamic circulation models are Earth-like in terms of convective vigour, thermal structure and geographical pattern of heterogeneity. We find that, in general, averaged seismic structure is not distinguishable from the seismic structure of the physical average, within the uncertainty bounds of seismic reference models. An exception is near phase boundaries, where phase-boundary topography broadens the averaged seismic jump relative to the discontinuity at physical reference conditions. In an inversion for 1-D seismic structure, where narrow discontinuities are imposed, these biases may map into a lower jump, and substantially stronger velocity gradients above and below the interface than are actually present. Other small biases in averaged structure occur in thermal boundary layers, including those that form above chemical piles. These biases are caused by large lateral variations in temperature, not compositional variability.
I N T RO D U C T I O N
Seismic inversions generally map structure in terms of anomalies relative to global 1-D reference models, such as PREM (Dziewonski & Anderson 1981) and AK135 (Kennett et al. 1995) . The reference models explain over 90 per cent of the seismic signal, but the few per cent lateral deviations reflect Earth's internal dynamics (e.g Montagner 1994; Trampert & van der Hilst 2005) . To make meaningful physical interpretations of these 3-D anomalies, we need to know what thermal and compositional structure the reference models represent.
Previous studies that forward modelled seismic 1-D structure reached different conclusions on the mantle's background structure, ranging from purely thermal at adiabatic, sub-or super-adiabatic conditions, to a mantle that varies in composition with depth (Anderson & Bass 1986; Bina & Silver 1990; Jackson & Rigden 1998; da Silva et al. 2000; Deschamps & Trampert 2004; Mattern et al. 2005; Matas et al. 2007; Cobden et al. 2008; Irifune et al. 2008; Khan et al. 2008; Mao et al. 2008; Cobden et al. 2009) . The most popular model is that of an adiabat with a potential temperature of around 1300
• C and a constant pyrolitic composition, thus satisfying the conditions necessary for Mid Ocean ridge basalt (MORB) generation. Furthermore, isochemical and adiabatic/slightly subadiabatic conditions would prevail if the mantle, as a whole, was convectively well mixed.
While adiabatic pyrolite provides a good match to several 1-D seismic model characteristics (Ringwood 1962; Weidner 1985; Ita & Stixrude 1992; Jackson & Rigden 1998; Li & Liebermann 2007, Fig. 1) there are discrepancies in fine detail (e.g. Anderson & Bass 1986; Duffy & Anderson 1989; Li et al. 1998; Irifune et al. 2008; Mao et al. 2008) . Although some of these discrepancies may be within the uncertainties associated with the seismic models or equation of state parameters used to map physical into seismic structure (Jackson 1998; Kennett & Jackson 2009 ), others appear to exceed them (Cammarano et al. 2005a,b; Cobden et al. 2008 Cobden et al. , 2009 ). These include the magnitude of the jump in seismic velocity at 410 km depth and upper-mantle velocity-depth gradients. Such discrepancies, and the fact that it is difficult to reconcile constraints from P and S velocities simultaneously with a single physical reference structure, have led to the large range of alternative interpretations.
Whole mantle convection, incorporating phase transitions and compositional variations in buoyancy, can lead to complex and potentially large-scale structures, thus generating variations in averaged composition with depth (McNamara & Zhong 2004; Tackley et al. 2005) . This raises the possibility that averaged seismic structure does not reflect the averaged physical structure, owing to the (Dziewonski & Anderson 1981; Kennett et al. 1995) , compared with the velocities corresponding to a pyrolitic mantle along a 1300 • C adiabat, and along profiles with lower-mantle sub-and super-adiabatic conditions. No tested thermal structure can reproduce the fine detail of either reference model in the upper mantle, or reconcile lower mantle V P and V S .
non-linear sensitivity of seismic velocities to temperature and composition (Kennett 2006; Cobden et al. 2008 Cobden et al. , 2009 .
In this study, we investigate the potential for such 'bias', using a series of global 3-D spherical mantle circulation models, which span a range of plausible thermal and compositional mantle structures. Modelled temperature, pressure and composition (T, P, X ) is converted into seismic velocities (V P , V S , V ) using a thermodynamic approach. Subsequently, horizontally averaged seismic structure, <V (T, P, X )>, is compared with the seismic structure expected for the physical average, V <(T, P, X )>, to determine whether any systematic differences occur. Additional biases may be introduced by uneven seismic data coverage and seismic inversion methods (Mégnin et al. 1997; Kennett 2006; Ritsema et al. 2007 ). However, determining how these map into a 1-D structure requires further work, which is beyond the scope of this paper.
C O N V E C T I O N M O D E L
We generate a global (T, P, X ) field using a modified and benchmarked version of TERRA, a well-known mantle convection code that solves the conservation equations of mass, momentum and energy at infinite Prandtl number (Stokes flow) in a spherical shell, with the inner radius being that of the outer core and the outer radius corresponding to Earth's surface (Baumgardner 1985; Bunge et al. 1997; Davies & Davies 2009 ). We employ a mesh with over 80 million discrete nodal points, thus providing the fine resolution necessary to explore mantle flow at Earth-like convective vigour.
Our models incorporate compressibility, in the form of the anelastic liquid approximation (Jarvis & McKenzie 1980) . Radial reference values are represented through a Murnaghan equation of state (Murnaghan 1951) , with parameter values identical to Bunge et al. (2002) . Isothermal temperature boundary conditions are prescribed (300 K-surface; 4000 K-core-mantle boundary, hereafter CMB), while the mantle is also heated internally. Surface velocities are assimilated according to 230 Myr of plate motion history (Stampfli & Borel 2002; Stampfli & Borel 2004; Stampfli & Hochard 2009 ) while a free-slip boundary condition is specified at the CMB. Phase changes are incorporated at 410-and 660-km depth, as sheet mass anomalies (Tackley et al. 1993) . Depth-dependent viscosity is included, increasing in the lithosphere and lower mantle by factors of 10 and 100, respectively. In addition, viscosity varies with temperature by a factor of 200. For a summary of key model parameters, see Table 1 .
For our initial conditions, we run a standard convection model (i.e. free-slip surface boundary) until a thermal quasi-steady state is achieved. We then follow a similar philosophy to Bunge et al. (2002) and approximate the unknown initial conditions of early Triassic mantle heterogeneity by running our models with global plate configurations fixed to the oldest available reconstruction at 230 Ma, for ∼100 Myr. Thermochemical models are initiated with a 700-km thick basal layer of dense material, which progressively deforms as the model evolves. Note that in this study, the buoyancy number is defined as B = ρ C / ρ T , where ρ T = α s ρ s T s , α s and ρ s are the thermal expansion and density at the surface, while T s is the super-adiabatic temperature difference from surface to CMB.
We examined over 50 models in total, but focus on three here (Figs 2-5):
(1) Model T: an isochemical model, heated 65 per cent internally and 35 per cent through its base (CMB heating ratio = 0.35). The model has boundary layers of ∼100 km thickness, with the uppermantle planform dominated by strong downwellings in regions of present-day plate convergence (Fig. 2 ). In the lower mantle, remnants of older subduction are visible, while concentrations of hot upwellings are located under the Pacific and Africa, owing to the strong core heat flux (Schuberth et al. 2009 ). The radially averaged temperature profile ( Fig. 5a ) is slightly subadiabatic. Lateral temperature anomalies amount to a few hundred degrees only and increase with depth, as expected for a vigorously convecting system with substantial internal heating (e.g. .
(2) Model TC2.5: a thermochemical model (CMB heating ratio = 0.29), where the initial basal layer has an excess density of 2.5 per cent (B ∼ = 0.25): a lower bound for suggested common heterogeneities (e.g. from recycled slabs). The model evolves to form a strongly undulating interface, dominated by locally discontinuous chemical piles. Hot dense material is focussed beneath Africa and the Pacific and spreads throughout the lower-mantle depth range (Fig. 3) . Downwellings are of similar morphology to those of Model T. The radial temperature profile is super-adiabatic, owing to the large excess temperatures of dense chemical piles (Figs 5b  or d) .
(3) Model TC5.0: a thermochemical model (CMB heating ratio = 0.12), where the dense component has an excess density of 5.0 per cent (B ∼ = 0.5): a maximum value for plausible dense-layer compositions. A globally continuous layer forms, with upwelling plumes rising from a strong thermal boundary layer above the chemical interface (Fig. 4) . As in Model TC2.5, the radial temperature profile is super-adiabatic (Figs 5c or d) . All models are Earth-like in terms of convective vigour, thermal structure, surface heat flux and the geographic pattern of heterogeneity (controlled by the assimilated plate motion history). More complete formulations of rheology, thermal expansion and compressibility as a function temperature, depth and composition, as well as the inclusion of transitions in non-olivine components, are important to understand the full dynamics and evolution of the system (Ita & King 1994 Mambole & Fleitout 2002; Tackley et al. 2005; Tan & Gurnis 2007; Deschamps & Tackley 2008 . However, our model set-up is sufficiently realistic to represent plausible end-member structures in terms of the distribution of thermal and compositional heterogeneities. Our results span a wide range of competing conceptual mantle models (Tackley 1998; Kellogg et al. 1999; Tackley 2002; Davaille et al. 2003; McNamara & Zhong 2004; Deschamps & Tackley 2008 Schuberth et al. 2009; Simmons et al. 2009 ).
C O N V E R S I O N I N T O S E I S M I C V E L O C I T I E S
The modelled (T, P, X ) fields are converted into seismic velocities following Cobden et al. (2008 Cobden et al. ( , 2009 ). We use a thermodynamic approach (Stixrude & Lithgow-Bertelloni 2005) to calculate selfconsistently phase equilibria, density and elastic parameters, with the code PerPleX (Connolly 2005) , for the CFMAS database 'sfo05' (Stixrude & Lithgow-Bertelloni 2005; Khan et al. 2006) and correct for the effects of temperature-and frequency-dependent anelasticity (model Q4 Goes et al. 2004) . These choices provide average sensitivity to T, P and X , within the range of mineral-physics uncertainties. Calculations with alternative databases and different anelasticity formulations (Cobden et al. 2008 (Cobden et al. , 2009 give very similar results in terms of biases to the 1-D models.
Three compositions are explored (Table 2) : pyrolitic for the background mantle, and either a basaltic (representative of subducted material) or Fe-rich chondritic composition (as a potential dense primitive material) for the dense component. These high-density compositions (both 3 ± 0.5 per cent denser than pyrolite) have distinct seismic signatures; the basaltic composition being generally faster and the Fe-rich composition generally slower, than a pyrolite. Other melt-depleted, peridotitic or chondritic compositions have similar velocities to pyrolite, although with some differences in detailed phase transition structure, (Cobden et al. 2008; Xu et al. 2008; Cobden et al. 2009 ) and, consequently, are not considered in this study.
B I A S E S T O AV E R A G E S T RU C T U R E
In most of the mantle, <V (T, P, X )> matches V <(T, P, X )> to within 0.1 per cent (Fig. 6 ), implying that, in general, seismic structure of the physical reference and horizontally averaged seismic structure agree within the uncertainty range of actual reference seismic models; for AK135, lower-mantle uncertainties are ±0.1 per cent in V P and ±0.15 per cent in V S , increasing by a factor of 2-5 in the upper mantle (Kennett et al. 1995; Cobden et al. 2009 ). Larger differences occur: (i) around phase transitions and (ii) in thermal boundary layers. Figure 6 . The difference between <V (T, P, X )> (averaged radial velocity) and V <(T, P, X )> (velocity corresponding to the average radial temperature and composition) for the three models. Substantial biases in <V (T, P, X )> develop around phase transitions and, although less pronounced, at thermal boundary layers. 
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Effect of transition topography
Each phase transition is associated with a large positive and negative peak in the difference between the averaged and average structure (Fig. 6) . Peaks form because lateral variations in temperature lead to a phase transition that looks broader in the average than it is along the reference physical profile (Fig. 7) . While the seismic anomalies arising from lateral temperature variations average out, the phase topography effects themselves do not, because positive and negative anomalies occur at offset depths. The signs of the peaks are always positive above and negative below the equilibrium transition depth because, independent of the sign of the Clapeyron slope, some regions pass through the phase transitions at shallower depth than along the physical reference profile (leading to large local highvelocity anomalies) while others transform at larger depths (leading to local low-velocity anomalies). The width of each peak increases with the magnitude of the Clapeyron slope and with the lateral variation in temperature. The largest peaks for the Ol to Wad and Ring to Pv + Mw transitions have amplitudes of 3-4 per cent and peak widths of 30-40 km.
In the seismic inversions used to infer global 1-D structure (Dziewonski & Anderson 1981; Kennett et al. 1995) transition depths and narrow transition widths are prescribed, based on constraints from regional studies. In this case, such biases in averaged structure may map into increased gradients above and below the transitions, and into reduced velocity jumps. A simple calculation indicates that each of these localized, strong velocity anomalies may increase gradients by 10-20 per cent over those along the reference physical structure, and cause a reduction in the jump of a similar magnitude.
Let us consider an example, using some numbers appropriate for the Ol-Wad transition along a 1300
• C adiabat with pyrolitic composition (Cammarano et al. 2005a; Cobden et al. 2008) : assume that at average conditions, the profile has a sharp transition at depth z ref with a 6 per cent increase from V P of 9 km -1 , and velocity gradients of 3 · 10 −3 s −1 above and 2 · 10 Consistent with our interpretation of a potential 3-D bias of phase-transition structure in global reference models, regional studies commonly find larger '410' impedance contrasts (Shearer 2000; Deuss 2009 ) and often include smaller velocity depth-gradients (e.g. Nolet et al. 1994) , which is more consistent with the structure expected for an adiabatic-pyrolite mantle. Below '660', however, global 1-D models require velocities higher than in a pyrolitic mantle, which may indicate additional complexity around this transition possibly including vertical chemical gradients (Cobden et al. 2008) . Further testing into how exactly 3-D biases are mapped into structure in a 1-D seismic inversion is required. However, if the order of magnitude of our calculations is correct, then the biases are similar to the 30 per cent difference in jump at '410' and in predicted gradients for an adiabatic upper mantle and those that are seismically recovered (Li et al. 1998; Cammarano et al. 2005a; Cammarano & Romanowicz 2007; Cobden et al. 2008; Ritsema et al. 2009 ).
Effect of thermal boundary layers
In all thermal boundary layers, <V (T, P, X )> is lower than the velocity expected for laterally averaged conditions <(T, P, X )>. This occurs because the strong temperature dependence of anelasticity increases ∂V /∂T with temperature. Hence, averaged velocities are always biased towards slower V regions. However, only over large lateral temperature variations does this bias become significant (e.g. over 1000 K in the mantle's upper thermal boundary layer, seismic temperature sensitivities, ∂V P /∂T and ∂V S /∂T, increase by a factor of ∼2 and ∼3. In the lowermost mantle, the increase over a similar T is ∼1.3). Although chemical heterogeneity is ultimately responsible for mid-mantle boundary layers, the seismic bias introduced has a thermal origin. Biases to the average are almost identical when generated from a seismically fast basaltic or seismically slow Fe-rich composition. This is easily understood: we assume mechanical mixing of compositions and, consequently, the compositional effect on velocity is linear and averages out. The slight effect of chemistry on magnitude of ∂V /∂T has insignificant effects on the bias between <V (T, P, X )> and V <(T, P, X )>.
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C O N C L U S I O N S
Our study indicates that 1-D seismic reference models closely reflect the horizontal average thermochemical structure of the mantle. For known composition, an inversion of <V (T, P, X )> for <T(z)> would be correct to within ∼20-30 K, away from phase transitions and thermal boundary layers. In the upper, mid-mantle and lower thermal boundary layers, inversions for <T(z)> could be overestimated by up to ∼40 K, ∼40 K and ∼120 K, respectively.
Biases due to phase-transition topography may help to explain why upper-mantle depth-velocity gradients of 1-D seismic reference models are high, and the jump at '410' low, relative to those expected for an adiabatic pyrolite. This may reduce the need to invoke compositional gradients above and below 400 km depth (Anderson & Bass 1986; Li et al. 1998; Cammarano & Romanowicz 2007; Cobden et al. 2008; Irifune et al. 2008) .
Finally, a dense lower-mantle compositional layer with large topography may introduce significant lateral velocity anomalies and a net super-adiabatic thermal gradient. Nonetheless, the radial average physical structure will map, almost without bias, into averaged seismic structure. Hence, chemical heterogeneity may help to reconcile lower-mantle reference P-and S-wave models.
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